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University of Wisconsin-Madison, Madison, WisconsinABSTRACT Photoactivation localization microscopy (PALM) is used to study the spatial distribution and diffusion of single
copies of the protein Kaede in the cytoplasm of live Escherichia coli under moderate growth conditions (67 min doubling
time). The spatial distribution of Kaede is uniform within the cytoplasm. The cytoplasmic radius of 380 5 30 nm varies little
from cell to cell. Single-particle tracking using 4 ms exposure times reveals negatively curved plots of mean-square displace-
ment versus time. A detailed comparison with Monte Carlo simulations in a spherocylindrical volume shows that the curvature
can be quantitatively understood in terms of free diffusion within a confining volume. The mean diffusion coefficient across cells
is <DKaede> ¼ 7.35 1.1 mm2$s1, consistent with a homotetrameric form of Kaede. The distribution of squared displacements
along the long axis for individual Kaede molecules is consistent with homogeneous diffusion. However, for longer cells, a spatial
map of one-step estimates of the diffusion coefficient along x suggests that diffusion is ~20–40% faster within nucleoids than in
the ribosome-rich region lying between nucleoid lobes at the cell mid-plane. Fluorescence recovery after photobleaching
yielded <DFRAP> ¼ 8.3 5 1.6 mm2$s1, in agreement with the single-particle tracking results.INTRODUCTIONSubdiffraction-limit fluorescence microscopy (1–4) in two
dimensions enables one to locate and track single copies
of specifically labeled proteins in live cells with spatial reso-
lution on the order of 20–50 nm. Such high resolution is
particularly advantageous in small bacterial cells (5–9)
such as the rod-shaped Escherichia coli, which has a cylin-
drical radius of only 400 nm and length of 2–4 mm. One
recent study revealed clustering of the architectural protein
HU in fixed Caulobacter crescentus cells, with the clus-
tering particularly strong in predivisional cells (8), and
another study unraveled details about the stringent response
mechanism in live E. coli (9). Photoactivation localization
microscopy (PALM) promises a new level of quantitative
insight into the spatial distribution of many types of specific
components of live bacterial cells.
In this prototypical study of diffusion in live E. coli cells,
we used PALM to determine the spatial distribution and
diffusive properties of the photoactivatable fluorescent
protein Kaede, expressed from a plasmid in the E. coli cyto-
plasm. Kaede is a 28 kDa b-barrel that probably exists as
a homotetramer (10,11). The spatial distribution of Kaede
is uniform and fills the entire cytoplasm to high accuracy,
in contrast to the results of theoretical models of globular
protein segregation between nucleoids and ribosome-rich
regions (12,13). PALM also enables one to measure the
radius of the cytoplasm of live E. coli to an accuracy of
~30 nm. For hundreds of Kaede copies in each single, live
cell, we measure the mean-square displacement (MSD)
versus lag time (MSDi(t)) in the axial coordinate x, theSubmitted August 1, 2011, and accepted for publication October 3, 2011.
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x2 þ y2
p
. All three MSD plots
are curved under our typical measurement conditions of
4 ms/frame. By comparison with Monte Carlo simulations
of free diffusion in a spherocylindrical confining volume,
we show that the curved MSD plots can be explained by
confinement alone, without recourse to subdiffusion. Here,
subdiffusion refers to any mechanism other than the finite
boundaries of the cell that causes MSD plots to increase sub-
linearly in time (14), such as local caging effects and strong
transient binding. The mean diffusion coefficient across
cells is DKaede ¼ 7.3 5 1.1 mm2$s1, which is a factor of
1.3 smaller than that of green fluorescent protein (GFP)
under similar growth conditions.
Additional statistical tests based on higher moments of
the displacements (15) are also consistent with free diffu-
sion in a confining spherocylindrical volume. However,
for long cells (~4 mm), the spatial distribution of one-step
squared x-displacements, when averaged over the transverse
coordinate y and plotted versus the axial coordinate x, shows
a 20–40% dip at the cell mid-plane. The longest cells also
show the strongest spatial segregation of the chromosomal
DNA into two lobes. The results thus suggest that Kaede
diffusion is more facile within the nucleoids than in the
ribosome-rich region between nucleoids. The distributions
across cells of DKaede from single-particle tracking (SPT)
and fluorescence recovery after photobleaching (FRAP)
are similar. Finally, we describe relatively straightforward
methods for extracting diffusion coefficients accurate
to 56% from curved MSDx(t) plots for spherocylindrical
geometries, without the need for Monte Carlo simulation
of confinement effects.doi: 10.1016/j.bpj.2011.10.013
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Bacterial strains and plasmids
All experiments were performed on the E. coli strain DH5a. Kaede was
expressed from a tetracycline inducible plasmid. The Kaede ORF (a gift
from D. Weibel, Department of Biochemistry, University of Wisconsin-
Madison) was amplified by PCR (primers, 50-TGACTCTGCAGAGACTTG
ACGTTGTCC-30 and 50-GTGACGTCTAGAATGAGTCTGATTAAACC
AG-30) and digested by XbaI and PstI. This fragment was ligated to a simi-
larly digested fragment of pASK-IBA3plus (Invitrogen, Carlsbad, CA).
DH5a cells were transformed with the resulting plasmid (pJW2), and trans-
formants were selected on ampicillin-containing plates.Cell growth and preparation
E. coli cells were grown overnight with shaking at 30C in EZ rich defined
medium (EZRDM) with 100 mg/mL ampicillin (16,17). We subsequently
made subcultures of these cells by diluting the stationary phase culture at
least 1:250 into 3 mL of fresh EZRDM.When the cells had grown to midlog
phase (OD600 ¼ 0.4–0.6), anhydrotetracycline was added to a final concen-
tration of 45 nM. After 6 min of induction, the cells were centrifuged and
resuspended twice in fresh EZRDM to remove the inducer. The cells were
then incubated in growth medium for at least 30 min at 30C to enable
maturation of the fluorescent proteins. After induction of Kaede and resus-
pension of the cells in fresh growth media, the doubling time was 67 min,
which is longer than the 57 min doubling time before induction. From the
single-cell fluorescence intensities and volumes, we estimate the Kaede
concentration in the cytoplasm to be 5 mM, which is comparable to GFP
concentrations in earlier diffusion studies (16,18). For the diffusion studies,
7 mL of cells were immobilized on poly-L-lysine-coated coverslips and
sealed with nail polish. FRAP measurements and single-molecule tracking
with photoactivation were carried out for no longer than 30 min after plating
(16). During that time, the cells continued to grow. For studies of elongated
cells treated by cephalexin, 30 mL of an overnight culture were diluted
100-fold into EZRDM and shaken at 30C for 1 h. Cephalexin (60 mg/mL)
was then added, and the culture was grown with shaking to an OD of
0.3–0.8. Kaede was expressed as described above.Fluorescence microscopy
We acquired fluorescence images of Kaede using wide-field epifluores-
cence microscopy. Kaede photoswitches from a green-fluorescent state to
a yellow-fluorescent state upon excitation at 405 nm. Photoactivation was
carried out with a 405-nm diode laser (1–50 W/cm2 at the sample). The
yellow, photoactivated state was probed by excitation by a 561 nm diode
laser (3–15 kW/cm2 at the sample. In the PALM studies of single-particle
localization and tracking, on average less than one copy of Kaede per
cell was photoactivated from the normal green-fluorescent state to the
switched yellow-fluorescent state in each laser cycle. Most of the work
was carried out with a 1.49 numerical aperture (NA) objective, whose depth
of focus limits SPT to a horizontal slab of ~500 nm thickness. Some work
was carried out with an NA¼ 1.30 objective, which evidently detects mole-
cules over the entire ~800 nm diameter of the cytoplasm. Movies for SPT
were typically acquired at a frame rate of 234 Hz with 4.0 ms exposure time
in each camera cycle. We also performed somework using a faster EMCCD
camera with a 750.0 ms exposure time (1.30 kHz frame rate). Further details
are provided in the Supporting Material.
Before particle tracking was performed, the images were filtered with
a centroid algorithm taken from Crocker and Grier (19). Centroid fitting
was preferred to point-spread-function fitting because the single-molecule
images are not circularly symmetric for 4 ms frames. In addition, the
centroid data are easily compared with Monte Carlo simulations of diffu-
sion. The tracking algorithm minimizes the total squared displacement
from each frame to the next. Because the mean number of activated mole-Biophysical Journal 101(10) 2535–2544cules is far less than one per frame, there is essentially no ambiguity in
forming trajectories from successive localizations.
Following the work of Michalet (20), we estimate the dynamical locali-
zation accuracy to be s ~40 nm in one dimension when using the 1.49 NA
objective (Supporting Material). This includes a static contribution s0
~17 nm. We collected trajectories from each cell over a period of
3–5 min (40,000–70,000 frames). In that time, we typically observed
1500–2000 single molecules whose trajectories comprised some 10,000–
12,000 localizations.
Approximately 28–40% of all trajectories are longer than four localiza-
tions (three successive steps). For these trajectories, the mean length varied
from 10 to 14 steps (11–15 localizations), and the longest trajectory in a cell
ranged from 30 to 45 steps. For the MSD analyses, we chose to analyze only
longer trajectories to improve accuracy over longer lag times. In practice,
we varied the cutoff length for each cell. The lower limit on trajectory
length was chosen in the range of 12–16 steps so that at least 80–100 trajec-
tories were included for each cell. This produced high-quality MSD plots
for the first several points, which was crucial for the analysis.
FRAP was carried out on the unswitched, green-fluorescent form of
Kaede. Details are provided in the Supporting Material.Monte Carlo simulation
To distinguish the effects of confinement from possible effects of subdiffu-
sion, we carried out an extensive battery of Monte Carlo (random walk)
simulations of free diffusion in spherocylindrical volumes that closely
mimic the shape of the E. coli cytoplasm (21). The cell volume is charac-
terized by two parameters: the length L of the cylindrical portion, and the
common radius R of the cylindrical portion and the hemispherical endcaps.
In the simulations, ~5000 particles were started at random locations within
the cell volume. Each random walk is independent of other particle posi-
tions; there are no particle-particle interactions. For each time step i,
each particle chooses a displacement in each of three Cartesian directions.
These displacements are chosen from a normal distribution whose standard
deviation (SD) is defined by the free, three-dimensional (3D) diffusion
coefficient D; that is, the MSD after time lag t is 6Dt and the SD of the
corresponding Gaussian propagator is
ﬃﬃﬃﬃﬃﬃﬃﬃ
2Dt
p
. Because of the fractal nature
of diffusion, the product of Dt can be in any units, which allows easy
scaling of units between the experimental and simulation results. The
product Dt was always chosen so that
ﬃﬃﬃﬃﬃﬃﬃﬃ
2Dt
p
would be <0.02 R. Test
runs using
ﬃﬃﬃﬃﬃﬃﬃﬃ
2Dt
p ¼ 0.002 R gave the same results. Any move that would
cause a particle to go outside the cell volume was rejected and that particle
waited in its original position for the next move (22,23). Trajectories were
typically calculated for 103 cycles of 100 steps each. Analysis of the trajec-
tories from simulation was similar to the analysis of the experimental trajec-
tories. All simulations were performed in MATLAB (The MathWorks,
Natick, MA).RESULTS
For 22 E. coli cells in our standard growth conditions, we
tracked single, photoactivated Kaede molecules in two
dimensions with 4.0 ms exposure time and 234.0 Hz frame
rate. An unsmoothed single-molecule image and a Kaede
trajectory are shown in Fig. S1. For one representative
cell, plots of MSD versus time for the coordinates x (axial
dimension of the cell), y (transverse dimension), and
r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 þ y2
p
are shown in Fig. 1. The <r2> plot is scaled
by a factor of 1/2 so that the limiting slope as t/ 0 should
have the value 2DKaede for all three coordinates if free diffu-
sion holds. The plots include data from the 140 Kaede
trajectories that were R15 steps. Steps beyond the first 15
FIGURE 1 MSD versus time lag t for the coordinates x (axial dimen-
sion), y (transverse dimension), and r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 þ y2
p
as shown. Data include
160 trajectories of 15 steps from a single cell. Error bars are51 SD of the
mean values. Solid lines are the least-squares fits to the equation
MSDiðtÞ ¼ Aið1 expðt=TiÞÞ: The dotted line is a linear fit to the first
three points of MSDx. Inset: Spatial distribution of all the single molecules
from this cell.
PALM Study of Kaede in Live E. coli 2537were discarded. We calculated the MSD using internal
averaging over the entire 15-step trajectory, i.e., all pairs
of points separated by time lag t were used to calculate
MSDi(t) (24). All three MSD plots typically curve down-
ward, with MSDy showing nonlinearity at the earliest time
lag, followed by MSDr and then by MSDx. The MSD plots
for different cells differ significantly from each other. We
carried out quantitative tests to determine how to best
extract the mean diffusion coefficient for each cell, and
whether subdiffusion could contribute to the curvature.FIGURE 2 Comparison of experimental MSD plots from Fig. 1 (circles)
with those fromMonteCarlo simulationsof free diffusion in a spherocylinder
of cylinder length L ¼ 3.950 mm and radius R ¼ 400 nm. Dimensions were
chosen to match the spatial distribution of Kaede molecules in the cell of
Fig. 1. Solid points are MSD along x and y from Fig. 1; error bars show
1 SD of the mean value. Swaths show the spread of MSD values (51 SD
of the mean) for 200 Monte Carlo runs using D ¼ 6.8 mm2$s1 (below
data) and 8.4 mm2$s1 (above data). Inset: Comparison of the first four ex-
perimental data for MSDx and MSDy with the spread of MSD values from
the Monte Carlo simulations using D ¼ 7.6 mm2$s1 (gray swath).Determination of the diffusion coefficient
from MSD plots
The simplest way to estimate DKaede is to measure the
limiting slope of MSD plots as t / 0. For the example
cell of Fig. 1, the slope of the first three points yields the
estimates 4.4 mm2$s1 from MSDr and 6.3 mm
2$s1 from
MSDx. This is a serious discrepancy. The limiting slope of
MSDy is not well defined for data taken at 4.3 ms per frame.
A more rigorous method for determining DKaede uses
Monte Carlo simulations in a spherocylinder whose dimen-
sions R and L are determined by the experimental spatial
distribution of the Kaede locations measured by PALM.
As shown in the Supporting Material, the leading and
trailing edges of the spatial distributions of localized mole-
cules along x and y enable us to obtain accurate values of R
(from the y-distribution) and L þ 2R (from the x-distribu-
tion). For the particular cell in Fig. 1, the best-fit valuesgave a total length L þ 2R ¼ 43505 100 nm and a radius
R ¼ 400 5 25 nm, which yields the cylinder length L ¼
3950 5 125 nm by subtraction.
Although the length of cells varies substantially over the
growth cycle, the cytoplasmic radius measured in this way is
quite uniform across our unsynchronized cell population.
For these growth conditions, 12 cells yielded a mean radius
<R> ¼ 3805 30 nm. Returning to the cell of Fig. 1, with
the geometry parameters R and L now fixed, the value of
DKaede in the Monte Carlo simulations is adjusted until the
initial rise of the MSDx and MSDy curves is well fit over
the first four points (inset of Fig. 2), as judged by eye. Fitting
of MSDx and MSDy ensures a good fit to MSDr. Repeated
averaging of Monte Carlo runs of 160 trajectories of 15
steps each gives a sense of the accuracy of the fitting proce-
dure. The statistical noise is modest over these first four
points, but becomes substantial at longer lag times
(Fig. 2). To illustrate the statistical variability of the calcu-
lations and the sensitivity to the input value of DKaede, we
show bands of outcomes (swaths in Fig. 2) for the MSDx(t)
and MSDy(t) for assumed diffusion coefficients of 6.8 and
8.4 mm2$s1. Based on the Monte Carlo results, our
best estimate for the cell in Fig. 1 is DKaede ¼ 7.6 5
0.8 mm2$s1. The uncertainty estimate takes approximateBiophysical Journal 101(10) 2535–2544
2538 Bakshi et al.account of the sensitivity of the simulation results to all
three inputs (DKaede, L, and R) plus the variability of MSD
plots for short samples of confined random walks.
It is impractical to measure R and L and to run a series of
Monte Carlo simulations for each cell, and in many cases
experimental conditions may not permit fast-enough frames
with a high-enough signal/noise ratio to enable accurate
extraction of D from the initial slope of MSDx. Following
Anderson et al. (25), we developed a third, phenomenolog-
ical method grounded in the Monte Carlo simulations.
Analytical results are available for MSD(t) for confined
diffusion in the simple model problems of diffusion on
a line segment (1D), within a circle (2D), and within a sphere
(3D) (26). Based on these model problems, we approximate
each MSDi(t) curve as a rising single exponential function:
MSDiðtÞ ¼ Ai

1 exp

 t
Ti

(1)
with i¼ x, r, and y. The solid lines in Fig. 1 show the quality
of the fits to these equations. Each dimension has its own
asymptotic amplitude Ai and time constant Ti. As shown
in the Supporting Material, for spherocylinders with an
L/R ratio similar to that of E. coli, the diffusion coefficient
D, the time constant Ti, and the asymptotic amplitude Ai
are related approximately as follows:
D ¼ AiðbidiTiÞ
(2)
where di is the dimensionality (one for x or y, two for r). ForA
B
FIGURE 3 (A) Sequence of FRAP images of Kaede for DH5a-strain
cells grown in EZRDM. (B) Histograms of DSPT (DKaede from SPT) from
22 cells and DFRAP (DKaede from FRAP) from 23 cells.the frame rate, cell radius, and diffusion coefficients of
interest here, Fig. S4 shows the dependence of the best
values of bx and by on cell length L þ 2R over the range
of 2.0–5.0 mm. In Monte Carlo simulations of diffusion in
the entire cytoplasm, the best value of bx increases roughly
linearly from 1.70 to 1.85. The best value of by is 1.70, inde-
pendently of cell length. In Monte Carlo simulations retain-
ing only trajectories that remain within a central 500-nm
thick slab (mimicking the depth of focus of the NA ¼
1.49 objective), the best values of bx are essentially
unchanged, whereas the best by-value becomes 1.32 (Sup-
porting Material).
In a simple procedure with good accuracy, we fit the
entire MSDx curve to Eq. 1 to obtain Ax and Tx, and then
use the best value of bx to extract D. For the cell in Fig. 1,
the best-fit values are Ax ¼ 2.53 mm2 and Tx ¼ 0.198 s.
For the length of this cell, the prescribed value bx ¼ 1.75
then yields the diffusion constant DKaede ¼ 7.3 mm2$s1,
in excellent agreement with the value 7.6 mm2$s1 from
the more rigorous treatment using L and R from the
PALM spatial distributions and varying DKaede in Monte
Carlo simulations to match all three MSD curves. The use
of MSDy is much less accurate.
This Ax, Tx method is more accurate than the straight-
line fit to the first three points of MSDx (which yieldsBiophysical Journal 101(10) 2535–25446.3 mm2$s1 in this example), but shares the advantage of
not requiring accurate values of L and R for each cell. For
eight cells examined in detail, the Ax, Tx method gives the
same diffusion constant as the Monte Carlo-based fitting
method with a root mean-square deviation of only 6%.
This simplified method was used to generate the diffusion
coefficients for the 22 cells studied in detail. The mean
is <DKaede> ¼ 7.3 5 1.1 mm2$s1, where the 5 value is
1 SD of the distribution of values across cells. A histogram
of measured values across cells is shown in Fig. 3.
To summarize, for Kaede diffusion in the E. coli cyto-
plasm with our quality of data and frame rate, fitting the first
three points of MSDx(t) to a straight line systematically
underestimates DKaede by ~15%. Fitting the initial slope of
MSDr(t) or MSDy(t) is highly inaccurate. The Ax, Tx
method, which fits MSDx(t) to Eq. 1 and extracts D from
the ratio of Ay/Ty using bx ¼ 1.70–1.85 (depending on cell
length), is accurate to ~6%. Here, the benchmark for the
most accurate value of DKaede is the fit based on Monte
Carlo simulations in a spherocylindrical geometry deter-
mined from the PALM spatial distribution. We have not
addressed possible systematic error arising from the modest
tapering of the cell body.Tests for heterogeneity and subdiffusion
A model of free, homogeneous diffusion within the con-
fining volume of the cytoplasm can quantitatively reproduce
the nonlinear MSD plots from experiment. However,
MSD(t) plots do not incisively distinguish confined, free
diffusion from heterogeneous diffusion (with different
PALM Study of Kaede in Live E. coli 2539particles having different diffusion coefficients, perhaps
subject to time-dependent exchange) or from subdiffusion
(sublinear time evolution of MSD).
For the set of trajectories from a single cell, the distribu-
tion of <x2(t)>j and <r
2(t)>j among different molecules
provides a test for heterogeneity (27). Here, the brackets
denote an average over all displacements of lag time t
within the trajectory of a single molecule j. There is no
averaging over molecules, as was the case for the MSD
plots. We examine the distribution of <x2(t)>j rather than
that of <r2(t)>j to minimize confinement effects.
For homogeneous diffusion in two dimensions, the distri-
bution of<r2(t)>j has been given analytically (27). There is
no analytical form for the case of free diffusion in one
dimension. Therefore, we compared the distribution of
Dx,j ¼ <x2(t)>j/2t from experiment with that from the
Monte Carlo simulations using the mean value <DKaede> ¼
7.35 1.1 mm2$s1. The comparison is shown in Fig. 4 for
the particular time lag t ¼ 12.9 ms (three steps), which is
only slightly perturbed by confinement. The close agree-
ment provides further support for homogeneous, free diffu-
sion on the timescale and length scale studied. However, for
the longest cells, below we will show clear evidence of mild
spatial heterogeneity in DKaede that goes undetected in this
three-step Dx,j test.
Similarly, a comparison of both Dx,j and Dy,j distributions
for short lag times with analogous Monte Carlo simulations
can be used to test whether Kaede diffusion within the cyto-
plasm is isotropic. We found no evidence that diffusion
along x and y differ (data not shown).FIGURE 4 Experimental distribution of Dx,j ¼ <x2(t)>j/2t (three-step
estimate of Dx for molecule j, taken from (solid bars) 13-step trajectories
of 180 molecules in a single cell and (striped bars) 180 13-step trajectories
from Monte Carlo simulations, with D ¼ 7 mm2$s1 chosen to match the
experimental value for that cell. The solid curves show the smooth distribu-
tion of Dx,j obtained from 2000 Monte Carlo trajectories.To distinguish subdiffusion from confined, free diffusion,
Ferrari et al. (15) devised statistical tests based on higher
moments of the displacement vector. Accordingly, we
analyzed moments of the x-coordinate of the displacement
vector up to the 10th moment. The analysis assumes that
each moment depends on time as a power law, as in
<xn(t) > ¼ knt ln, with kn a constant. The scaling coeffi-
cients ln are determined by a linear least-square fit of
log(<xn >) versus log t (Fig. S6). A plot of ln versus n is
called a moment scaling spectrum (15,28,29). For strongly
self-similar processes, such as free diffusion, the plot is
a straight line through the origin; l0 is always equal to zero.
For Kaede diffusion data from a particular cell, Fig. 5
shows that the moment scaling spectrum is linear with
a slope of 0.46. The average slope over eight cells analyzed
in this way was 0.445 0.06 (51s). This is smaller than the
theoretical value of 0.50 for free diffusion in an infinite
space. The difference is probably due to confinement. For
comparison, our Monte Carlo simulations in spherocylin-
ders of realistic aspect ratio with trajectory lengths
mimicking the experiments yielded linear moment scaling
spectra with a slope of 0.465 0.05. Thus, the experimental
deviation from a slope of 0.5 is well reproduced by the
Monte Carlo results. In free space, the Monte Carlo result
was 0.49 5 0.05. The Ferrari test yields no evidence of
Kaede subdiffusion on the timescale and length scale
studied here (4 ms and 100 nm, respectively).
For five additional cells, we tracked single molecules with
a 750.0 ms exposure time and 1.30 kHz frame rate, which is
5.5 times faster than the rate used for most of our studies.
Here, the laser intensity must be increased and the enhanced
photobleaching shortens the trajectories to a typical duration
of four to six steps. For these cells, MSDx is linear over theFIGURE 5 Moments of the scaling spectrum for moments 2–10 obtained
from 160 15-step Kaede trajectories from a single cell. The linear least-
squares fit (solid line) gives a slope of 0.46. See Fig. S6 for input data.
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2540 Bakshi et al.timescale of 0.75–5.00 ms (Fig. S7). From the slope of the
MSDx plots, we obtained <DKaede> ¼ 7.2 5 3.3 mm2/s
(mean of five cells5 1 SD), consistent with the more elab-
orate analysis of the data taken at the slower frame rate.
There is no evidence of subdiffusion on the timescale of
1 ms and length scale of 100 nm.E
FIGURE 6 (A) Wide-field image of ribosomes in three cells labeled
by S2-eYFP construct. (B) Wide-field image of chromosomal DNA inRelief of confinement in the x-coordinate by
treatment of cells with cephalexin
As a final experimental test, we used the drug cephalexin
to inhibit normal cell division and create cells of 8–12 mm
length (30). For imaging of cephalexin-treated cells at
234 Hz, MSDx(t) remains linear for at least nine steps,
whereas MSDy reaches an asymptote similar to the unper-
turbed case (Fig. S8). For 11 cells treated with cephalexin,
the initial slope of MSDx(t) up to the eighth data point was
used to obtain the mean diffusion coefficient <DKaede> ¼
7.2 5 1.5 mm2/s, which is quite similar to the value of
7.3 5 1.1 mm2$s1 for untreated cells. This result further
indicates that the nonlinearity in the MSD plots for untreated
cells arises from confinement effects.the same cells labeled by DRAQ5. (C) Overlay of the ribosome and
DRAQ5 images, showing strong ribosome-nucleoid segregation. (D) 2D
Kaede diffusion map in a different cell, with <Dx(x,y)> plotted as a
false color map with scale as shown (see text). (E) 1D Kaede diffusion
map <Dx(x,y)>y obtained as the weighted average of the 2D map over
all y-values at each x.Comparison of SPT data with FRAP data
One can also obtain the average diffusion constant for the
entire population of Kaede molecules in a cell from FRAP
(16) using green fluorescence from unphotoswitched Kaede
excited at 488 nm. For 23 cells under the same growth
conditions, the mean diffusion constant is <DFRAP> ¼
8.35 1.6 mm2$s1, in reasonably agreement with the value
<DKaede> ¼ 7.35 1.1 mm2$s1 from the 22 SPT measure-
ments. The two distributions of measurements are compared
in Fig. 3. A two-sided Kolmogorov-Smirnov test indicates
that the distributions are not significantly different (p ¼
0.03). On the 50 ms timescale and 2 mm length scale of
the FRAP experiment, all of the Kaede molecules are
mobile. The mobile fraction is fmobile ¼ 0.985 0.05.Spatial heterogeneity in Kaede diffusion
In E. coli cells that are growing moderately rapidly, the
chromosomal DNA is partially segregated to form two
nucleoid lobes near the central axis of the cell while the
ribosomes segregate to the endcaps and the region between
nucleoid lobes. This axial segregation is shown clearly in
images of the same cell with ribosomes labeled by the
protein S2-eYFP and with DNA stained by the dye
DRAQ5 (Fig. 6, A–C; see also Fig. S10). The DNA density
typically peaks at the 1/4 and 3/4 axial positions. Such
spatial heterogeneity within the cytoplasm raises the possi-
bility that proteins may diffuse differently in different
regions of space.
For the longer E. coli cells, the localization accuracy of
PALM indeed reveals mild spatial heterogeneity in the diffu-Biophysical Journal 101(10) 2535–2544sion ofKaede. In Fig. 6Dwe show a false-color, 2D diffusion
map of <Dx(x,y)> ¼ <Dx2(x,y) /2Dt> . This is the locally
averaged, one-step estimate of the mean diffusion coefficient
in the x direction at position (x,y). Here Dx2 is the squared
one-step displacement vector along x, (x,y) is the initial loca-
tion, andDt¼ 4.3 ms is the camera frame duration. Each step
of each trajectory generates a value of Dx at a position (x,y).
To form a smoothed 2D diffusion map, we place a 50 nm 
50 nm grid of points over the cell image. Each grid point is
assigned the mean of all values of Dx for initial positions
lying inside a 200 nm  200 nm square centered at that
grid point. Approximately 10,000 single-step values con-
tribute to the map. The false-color image reports the mean
values at each grid point.
To form the 1D axial diffusion map <Dx(x)>y shown in
Fig. 6 E, we calculate the weighted mean of Dx over all
y-values at each value of x. This highly averaged local diffu-
sion constant dips in the center of the cell. The error bars
show 1 SD of the mean of all values averaged at each axial
position. Under the same growth conditions, images of
DRAQ5-stained DNA (Fig. 6 B) show two nucleoid lobes,
peaking at the 1/4 and 3/4 axial positions, for essentially
all cells. Images of ribosomes (Fig. 6 A) show three intensity
peaks: two in the endcaps and one between the nucleoid
lobes. For the particular cell in Fig. 6 D, apparently on
average Kaede diffuses ~20–30% more rapidly in the
FIGURE 7 Experimental distribution of Kaede positions (circles) along x
and y, as obtained in a single cell by PALM using a 1.3 NA objective. Black
lines are simulated projections along x and y for a homogeneously filled
spherocylinder whose dimensions L and R were chosen to match experi-
ment. See Fig. S2 for a comparison with results obtained with a 1.49 NA
objective.
PALM Study of Kaede in Live E. coli 2541DNA-rich nucleoid regions than in the ribosome-rich space
between nucleoid lobes. The endcaps of the cells are also
ribosome-rich, and the mean local diffusion constant is
also lower at the endcaps. However, confinement also has
a strong effect on <Dx(x)>y in the endcaps, and we did
not attempt to separate the two effects.
We applied such an analysis to eight cells that varied in
length from 2.9 to 4.4 mm. The three longest cells and two
of the five moderate-length cells show a clearly discernible
dip in <Dx(x)>y at the mid-cell plane. Among these cells,
the peak/valley ratio varied in the approximate range of
1.3–1.8. Three of the five moderate-length cells did not
show a clear dip. We suspect this variability arises from
the variable degree of segregation of the chromosomal
DNA among unphased cells. As illustrated in Fig. S10, in
the longer cells, which tend to be at a later stage of the
cell cycle, DRAQ5 staining of the DNA shows a deeper
minimum in DNA density at the mid-cell plane.
This mild spatial heterogeneity is not inconsistent with
the apparent homogeneity inferred from analysis of the
MSDi(t) plots and from the distribution of three-step
MSDs along x (Figs. 1 and 4). Both were derived from
averages over all molecules within a cell. As is well known,
short trajectories of diffusive motion are very noisy. In the
Supporting Material we present Monte Carlo simulation
results showing that at short times, two equal populations
with time-independent diffusion coefficients that differ by
as much as a factor of 2 will yield MSD plots, as well as
three-step Dx(t) distributions that are effectively indistin-
guishable from those of a homogeneous population of inter-
mediate diffusion coefficient (Fig. S5). Evidently the spatial
diffusion maps provide a particularly sensitive way to detect
heterogeneity in diffusion behavior.
Meanwhile, the spatial distribution of Kaede molecules is
quite uniform throughout the cytoplasmic volume. A lower
numerical aperture objective (NA ¼ 1.3) was used to obtain
an essentially complete xy spatial distribution of Kaede in
the cytoplasm. In Fig. 7 we compare the measured spatial
distribution of Kaede y- and x-locations with distributions
calculated for a uniformly filled spherocylinder with L ¼
3.48 mm and R ¼ 360 nm. There is no readily discernible
concentration variation along x. The good agreement
between experiment and calculated distributions indicates
an essentially homogeneous distribution of Kaede within
the cytoplasm.DISCUSSION
Similarly to GFP, Kaede is a b-barrel of mass 28 kDa. In
a typical cell under our expression conditions, the PALM
method can activate and detect ~8000 single Kaede copies.
For a cell volume of ~3 mm3, this corresponds to a detected
Kaede concentration of ~4 mM. This should be considered
a lower bound on the Kaede concentration, because not all
Kaede molecules will activate properly.A crystal structure of Kaede revealed compact homo-
tetramers in which one pair of parallel, side-by-side barrels
is bound to another pair of parallel, side-by-side barrels
whose long axes are rotated by 90 relative to the first pair
(10,11). Multi-angle light-scattering measurements in buffer
solution showed the mass of Kaede particles to be
116.0 kDa, 4.3 times the monomer mass. This indicates
that Kaede forms stable, compact homotetramers in solu-
tion, much like the closely related DsRed protein (11). In
the crowded conditions of the E. coli cytoplasm, the propen-
sity to form tetramers will be stronger than in buffer.
In contrast, an FCS study of Kaede in buffer at low-nano-
meter concentrations (31) yielded diffusion coefficients of
17 mm2$s1 for the green-fluorescent form and 10 mm2$s1
for the yellow-fluorescent (photoswitched) form, compared
with 67 mm2$s1 for monomeric GFP. The Stokes-Einstein
relation for diffusion of spheres of radius r in solution of
viscosity h is D ¼ kBT/6phr, where T is the temperature
and kB is the Boltzmann constant. If the hydrodynamic
radius of a globular protein scales roughly as the cube
root of its mass, then Kaede4 should diffuse more slowly
than a GFP monomer by roughly a factor of the cube root
of 4, which is 1.59. Measurements of the GFP diffusion
coefficient in buffer vary from 67 to 87 mm2$s1, so we
would expect D(Kaede4) in buffer to be ~50 mm
2$s1. The
Stokes relationship then suggests that the FCS results
involve very large aggregates containing hundreds of
Kaede molecules, even though the concentration is in theBiophysical Journal 101(10) 2535–2544
2542 Bakshi et al.low-nanometer range. The FCS and light-scattering results
are not readily reconciled.
We proceed under the assumption that the species under
study in the E. coli cytoplasm is Kaede4. Cytoplasmic
protein diffusion coefficients are evidently controlled by a
variety of factors (16,18,32–35), including the microviscos-
ity of the medium, crowding and hydrodynamic effects (36),
transient binding to less-mobile elements, and possible
sieving effects due to the tortuosity of space in the presence
of complex, branched biopolymers (i.e., DNA–RNA poly-
merase–mRNA–ribosome–polypeptide chains).
In related work on the DH5a strain of E. coli in LB media
at 37C, Nenninger et al. (33) studied diffusion of a series
of head-to-tail GFP oligomers of stoichiometry TorA-
(GFP)n, with n ¼ 2–5. The mean diffusion coefficient
decreased monotonically with increasing oligomer size,
from 9.1 mm2$s1 for the monomer to 5.5 mm2$s1 for the
tetramer. This decrease by a factor of 1.65 is in good accord
with Stokes-Einstein scaling. In the DH5a strain of E. coli
cytoplasm studied here, the mean diffusion coefficient for
Kaede is <DKaede> ¼ 7.3 5 1.1 mm2$s1. This is a factor
of 1.3 smaller than that of GFP monomers in an MG1655
strain under the same growth conditions (<DGFP> ¼ 9.55
2.3 mm2$s1) (18,30). The result is roughly consistent with
Stokes-Einstein scaling assuming a tetrameric Kaede. There
is no evidence that cytoplasmic Kaede exists as large oligo-
mers like those suggested by the previous FCS diffusion
study in buffer (31).
This result is also in reasonable agreement with the pre-
dicted size dependence of diffusion coefficients in cyto-
plasm from the hard-particle simulation of McGuffee and
Elcock (37). The model treats the cytoplasm as a well-mixed
collection of hard, realistic protein shapes, but does not
include hydrodynamic effects. The strength of attractive
forces between proteins is adjusted to fit the GFP diffusion
coefficient. For crowding at the level of 300 mg/mL, the
simulations would predict D(Kaede4) ¼ 6.6 mm2$s1.
However, the degree of crowding in K12 E. coli in our
growth conditions is not known.
Analysis of the MSD(t) plots in terms of confinement and
the distribution of single-molecule Dx values estimated from
three-step trajectories (Fig. 4) shows that the data are consis-
tent with free, homogeneous diffusion of Kaede4 on the
1–200 ms timescale and 100 nm–1 mm length scale probed
here. Furthermore, the analysis of higher moments of the
displacements compared with Monte Carlo results in model
spherocylinders revealed no evidence of subdiffusion
(Fig. 5).
However, the diffusion map of Fig. 6 reveals a moderate
spatial heterogeneity in Kaede diffusion, especially for
longer cells. A recent study of the monomeric GFP-like pro-
tein mEos2 did not show spatial heterogeneity (9). As shown
in Fig. S10, in longer cells the segregation of the two
nucleoid lobes is more complete, which correlates with
greater enrichment of ribosomes in the region betweenBiophysical Journal 101(10) 2535–2544nucleoid lobes (at the mid-cell plane). The correlation
between the enrichment of ribosomes at mid-cell and the
decrease of the Kaede diffusion constant at the mid-cell
strongly suggests that Kaede diffuses slightly less rapidly
in the ribosome-rich regions than in the dense parts of the
nucleoid.
The cause of this difference is uncertain. Although Kaede
is uniformly distributed in the cytoplasm (Fig. 7), other
cytoplasmic components (e.g., DNA and ribosomes) need
not be. Spatial partitioning of other cytoplasmic components
may underlie the spatial inhomogeneity in Kaede diffusion.
One possibility is that the ribosome-rich regions are sig-
nificantly more crowded than the nucleoid because they
contain essentially all of the ribosomes plus a substantial
share of globular proteins as well. Larger globular proteins
may preferentially partition to the ribosome-rich regions
due to excluded volume effects of the DNA. Enhanced
crowding within the ribosome-rich regions would be in
accord with slower diffusion there. It is also possible that
the oligomeric state of Kaede varies in space. Stronger
crowding effects within the ribosome-rich region may
enhance formation of Kaede tetramers or higher oligomers.
In contrast, possible sieving effects due to the structure of
DNA in the nucleoid would work in the opposite direction
from the observations, causing slower diffusion within the
nucleoid. Evidence for sieving by the branched polymeric
structure within the nucleoids is mixed. In a study of diffu-
sion versus protein mass, the fall-off in globular protein
diffusion coefficient with size was much faster than pre-
dicted by the Stokes-Einstein equation, suggesting sieving
(35). Enhanced hydrodynamic effects for larger particles
provide an alternative explanation for this fall-off (36). In
contrast, the fall-off of diffusion coefficient with size for
a sequence of end-to-end GFP oligomers (33) and the diffu-
sion coefficient of Kaede4 reported here are in reasonable
accord with Stokes-Einstein expectations. Comparisons of
diffusion coefficients among different proteins may be
complicated by differential transient binding to less-mobile
species in the ribosome-rich region versus the nucleoids.
However, the preponderance of evidence indicates that
sieving effects are unimportant for globular proteins of
mass ~%100 kDa.
The homogeneous spatial distribution (i.e., uniform
concentration) of Kaede within the entire cytoplasm lies in
sharp contrast to earlier results obtained by Valkenburg
et al. (12), who used immersive refractometry to estimate
the volume fraction of protein inside versus outside the
nucleoids. They found substantially larger protein density
in the ribosome-rich regions than in the nucleoids. Odijk
(13) used this result to build a model of the cytoplasm in
which the nucleoid and the surrounding cytoplasm are in
osmotic equilibrium, with proteins 2.5 times more concen-
trated outside the nucleoid than inside. It remains possible
that differential partitioning between the nucleoid and ribo-
some-rich regions indeed occurs for other proteins.
PALM Study of Kaede in Live E. coli 2543Interpretation of high-resolution SPT data in rod-shaped
cells is always complicated by the possibility of confound-
ing effects due to confinement and subdiffusion. We have
shown that separating motion along the axial coordinate x
from that along the transverse coordinate y is useful for
minimizing confinement effects on MSD plots. Curve-
fitting to the model exponential function of Eq. 1 with the
parameter bi set to 1.70–1.85 (depending on cell length)
can further enhance the accuracy without requiring exten-
sive Monte Carlo modeling for each cell. A long-term
goal is to measure spatial distributions and diffusion maps
for a variety of proteins of varying size and charge to
provide a much more complete picture of cytoplasmic
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